INTRODUCTION
The rate of arctic warming is twice that of the rest of the world and has been a cause of international concern in recent years. Moreover, the amount of sea ice covering the Arctic Ocean is less than at any time since the 1970s. These phenomena have been attributed to the emission of greenhouse gases from the burning of fossil fuels. Indeed, human activities in general signifi cantly infl uence the amount of greenhouse gases in the air. The rising temperatures in the Arctic account for the sharp decrease in ice and snow cover. Melting of the ice affects not only local human populations, shifting their fi shing and hunting grounds, but also wildlife, especially polar bears (www.reuters.com/article/2012/09/27).
The Greenland Sea is the southwest arm of the Arctic Ocean, lying south of the Arctic Basin and to the east of Greenland. It has a mixed layer depth of around 100 m in its central waters, an average salinity above 34.8 and an average temperature below -1°C (Rey et al., 2000) . The melting of ice in Greenland reduces the salinity in the shelf area of the Greenland Sea.
Currents
The Greenland Sea is the Arctic Ocean's main outlet to the Atlantic and the circulation of its waters is infl uenced by the North Atlantic Ocean. The majority of ocean water in the Greenland Sea derives from either the warmer, more saline North Atlantic Current or the colder, less saline Arctic Ocean. The general movement of the cold, low-salinity East Greenland Current (Aagaard and Coachman, 1968) is from north to south along the eastern coastline of Greenland (Fig.1) . The polar front is located along the eastern edge of the East Greenland Current. The Greenland Sea's currents are quite strong, averaging 6-12 cm/s (Aagaard and Coachman, 1968) , and transport sea ice out of the Arctic Ocean. They also serve as a major freshwater sink for the Arctic (Woodgate et al., 1999) .
The characteristics of the marine ecosystem of the Greenland Sea refl ect the transport of phytoplankton and zooplankton, together with heat, salt, and nutrients, from the North Atlantic Current to the sea (Hunt and Drinkwater, 2005) . The inter-annual variability in climate has been largely attributed to the North Atlantic Oscillation, which infl uences not only the North Atlantic but also Arctic regions (Hurrell, 2000; Qu et al., 2012) . However, Rey et al. (2000) found that the central Greenland Sea behaves as a large gyre and is thus relatively isolated from the surrounding waters, with no signifi cant external inputs of nutrients.
Sea ice
The annual export of sea ice to the North Atlantic Ocean is dominated by ice drifting out of the Arctic Basin southwards, according to transpolar drift and the East Greenland Current (Spreen et al., 2009) . The volume of ice exported each year strongly refl ects wind and temperature conditions as well as oceanic and atmospheric dynamics. An increase in Arctic sea ice increases the salinity of the waters transported to the Greenland Sea and thereby increases the sea's convective activity. With warming of surface oceanic waters, the ice volume decreases (Tsuknerik et al., 2010) .
The sea ice cover has remained relatively constant in the Antarctic, but there has been a signifi cant decrease in the Arctic (Hurrell, 2000) . In the later, the considerable warming of the polar region in recent decades has signifi cantly reduced the extent of the ice cover as well as its thickness and duration (Carol and Timothy, 2004) . The ecological consequences have been severe. During ice formation, microorganisms released from the water column are trapped in the sea ice. The major primary producers in the ice are pennate diatoms and fl agellated protists (Horner, 1985; Ikavalko and Gradinger, 1997) . Ice algae contribute 25% of the total primary production in the Arctic and 20% in the Antarctic and thus play an important role in supporting secondary production (Werner et al., 2007) . As shown in this study of the northern (75°-80°N) and southern (70°-75°N) Greenland Sea during the period 2003-2009, sea surface temperature (SST) increased in the southern sea, corresponding to a decrease in the ice cover, and decreased in the northern sea, where the ice cover increased.
Phytoplankton biomass
Phytoplankton biomass can be estimated using chlorophyll-a (Chl-a ) concentration. The amounts of light and nutrients (Carol and Timothy, 2004; Becker et al., 2010; Rangel et al., 2012) , are the main regulators of biomass formation, with phosphorus as the potential growth-limiting nutrient (Rangel et al., 2012) . Other important factors controlling phytoplankton growth (Becker et al., 2010) are as follows. First is the mixing regime, as prolonged stratifi cation and high light availability promote the accumulation of phytoplankton biomass. Second, the hydrological behavior of the water body determines the direct removal of phytoplankton populations but also leads to the wash-out of their potential zooplankton grazers and infl uences nutrient availability (Lara et al., 1994; Rangel et al., 2012) . In addition, the water retention time may directly or indirectly infl uence the phytoplankton community, as was shown in a tropical reservoir. High phytoplankton biomass abundance has been related to longer retention times, which lead to earlier and prolonged blooms (Jones and Elliott, 2007) . In the Greenland Sea, phytoplankton blooms usually occur in spring and frequently deplete most of the available nitrate and phosphate (Cota, 1994) . In research carried out in central Greenland between 1993 and 1995 (Rey et al., 2000) , phytoplankton growth was shown to begin in early May, reaching a peak in early June. In the central Greenland Sea, diatoms and Phaeocystis pouchetii are the main spring phytoplankton species.
Chl-a and AOD as a function of ice cover
In the Southern Ocean, phytoplankton biomass strongly correlates with aerosol optical depth (AOD) (Gabric et al., 2002) . Gabric and Shephard (2005) identifi ed a strong correlation between Chl-a and AOD at 50°-60°S, with a time lag between these two parameters. Similarly, Cropp et al. (2005) analyzed 5 years of Chl-a and AOD data for the global oceans and concluded that with respect to optical properties the correlations between the ocean and atmosphere were greatest in the middle latitudes. However, Chl-a measurements may be biased by the levels of dust in the atmosphere. Heide-Jørgensen et al. (2007) examined the relationship between Chl-a , sea ice and SST in Disko Bay, West Greenland. They found that the years of lighter ice cover were also those with higher amounts of Chl-a , consistent with the high rates of primary production in light-exposed open waters. Sea ice not only provides a habitat for ice algae, which contribute to phytoplankton biomass, but also provides a pathway for the exchange of organic matter, nutrients and gases with the seawater below and the atmosphere above. According to Loose et al. (2011) , primary production by ice algae represents 17% of primary production in the Arctic water column.
Accelerated ice melting in the Arctic has caused the sea surface level to rise and an increase in primary production, both of which have the potential to alter the local ecosystem. Here we show that the high aerosol concentrations in the Arctic can be explained by the recent increase in ice melting and the higher phytoplankton biomass in the Arctic Ocean. The relationships between Arctic ice, phytoplankton and aerosol have thus far been largely overlooked. Our results also shed light on the driving force for the increased phytoplankton biomass in the North Greenland Sea and provide an important reference for polar as well as global climate research.
MATERIAL AND METHOD
The study region is located to the north of Iceland, east of Greenland, and west of Svalbard (Fig.1 ). Chl-a (mg per cubic meter) and AOD data were obtained from the MODIS/Aqua archive for the period 2003-2009 using Level 3 (4-km equi-rectangular projection) 8-day mapped data. SeaDAS ( SeaWiFS Data Analysis System ) software was used for data processing. Ice cover data were obtained from NOAA (NCEP/EMC/ CMB) global sea ice weekly data (ftp://sidads. colorado.edu/). Because of the restrictions on data gathering imposed by Arctic weather and light conditions, Chl-a and AOD data are available from 85°N southwards whereas data within the range of 80°-85°N are sparse. Because of the half-year dark period in the Arctic, annual satellite data are only valid from days 72-272 (March to September). Hence, in this 7-year study, from 2003 to 2009, we focused on a band in the Greenland Sea between 70°-80°N and 10°W-10°E during the months of March to September .
Eight-day mean Chl-a concentrations were calculated for the entire study region for the years 2003-2009 and then used to derive monthly means averaged over this 7-year period. For purposes of comparison, we divided the study region into southern and northern bands (70°-75°N and 75°-80°N). Zonal means of Chl-a and AOD were calculated for more detailed analyses. The statistics software Eviews was used for regression analysis of the correlations between Chl-a , AOD and ice cover, to confi rm the visually determined time lag and to test for long-term equilibrium relationships.
Daily data were downloaded from http://poet.jpl. nasa.gov and used to calculate weekly and monthly mean wind speed and SST. Photosynthetically active radiation (PAR) was archived from the SeaWiFS site (http://oceandata.sci.gsfc.nasa.gov/seawifs), using 8-day mapped data for the period [2003] [2004] [2005] [2006] [2007] [2008] [2009] . SeaDAS was again used to process the data. areas (Lara et al., 1994) have been partially released because of ice melting. Rey et al. (2000) found that, with some stratifi cation, diatoms are present in the central Greenland Sea, where nitrate values are low at the beginning of the growth season. Lara et al. (1994) found evidence of strong stratifi cation in summer within the upper mixed layer (about 30 m), with the complete depletion of nutrients and subsequent reductions in phytoplankton biomass measured in August. Eight-day mean Chl-a values were calculated in the study region for the years 2003-2009 from day 72 (March) until day 272 (September), as shown in Fig.2 . Generally, the peak occurred in July, with a second, usually higher peak was in September, except in 2008. In 2009, the fi rst peak occurred in May. The peak in late September was the highest in 2007, followed by that in 2003. The Chl-a values in 2004 were lowest in August, while those in 2008 reached a minimum in September. Figure 3 shows the zonal mean in the region of 10°W-10°E averaged for the 7 years (for 70°-80°N). Generally, Chl-a levels were higher in the south and lower in the north. Phytoplankton biomass was lower at 72°N, corresponding to the Arctic front (SvendAage and Steingrimur, 1997) (also see Fig.1 ), than in the surrounding areas.
RESULT AND DISCUSSION
A comparison of the southern (70°-75°N) and northern (75°-80°N) bands of the study area within 10°W-10°E ( Generally, there was a second peak in September after the fi rst peak in July, except in 2008. Overall, after low rates of production in April, there was a sharp rise in Chl-a production in May especially in the north but in the south as well. This may have been due to ice melting, which promoted the growth of ice algae (Matrai and Vernet, 1997) .
AOD distribution
AOD, a measure of the integrated columnar aerosol load, is the most important parameter for evaluating direct radiative forcing. Satellite-retrieved AOD data include sea-salt, mineral dust, organic compounds, non-sea-salt, sulfate and methanesulfonate (MSA) . Figure 5 shows the 8-day AOD time series for the 7 years in the study region. AOD was generally higher in spring and lower in summer. As determined for Chl-a , AOD was highest in 2009, especially after June. This can be explained by the larger amounts of ice algae, which would have contributed to the production of the dimethylsulfi de (DMS) precursor dimethylsulfoniopropionate (DMSP). The oxidation of DMS yields sulfate and MSA, with the latter potentially condensing onto atmospheric aerosol particles (Kulmala et al ., 2007) .
The AOD in 2008 was generally low but reached a fi rst peak in April. The second peak, in late September, was the highest over the 7 years of the study. The later peak of 2008 may have been due to a post-bloom increase in the sea-water concentration of DMS (Gabric et al., 1993) and further infl uenced by increases in other atmospheric aerosols, such as seasalt, and sea-spray aerosol in ice-free waters (Struthers et al., 2011) .
The Russian fi res in 2003 may also have caused the unusually high AOD in the spring of that year (Generoso et al., 2007) (Fig.5) . The fi res started in 2002 and broke out again in 2003, beginning in March and continuing until the summer. They reportedly contributed 16%-33% of the aerosol optical thickness and increased Arctic haze events in spring and summer by more than 30%. Figure 6 shows the zonal mean AOD in the study region for the years 2003-2009. Generally, AOD was higher in the south and lower in the north. The AOD was consistently higher in 2009, except in 2003, when the Russian fi res were a determining infl uence. Zonal screening identifi ed 2005 as the year with the lowest AOD. This was perhaps due to the relative high autumn wind (Fig.14a) , which may have washed out aerosols from the surface layer, and to less ice melting (Fig.11) , which would have released fewer algae.
As shown in Fig.7 , in the southern band (70°-75°N), in 2008 the highest AOD peak occurred in May and second highest peak in September, which was not the case in the other years of the study. The AOD was generally lower in the northern (75°-80°N) than in the southern study region. The relatively high AOD in the north in the spring of 2003 could be attributed to the fi res in Russia. In 2008, the highest peak occurred in May, as in the south, but the AOD values were much lower in the following 3 months before the second peak developed in September. In 2009, a high AOD was recorded in spring and a second peak appeared in August.
3.1.3 Correlation between Chl-a and AOD Figure 8 shows the zonal means of Chl-a and AOD averaged for the 7 years of the study. Both Chl-a and AOD showed increasing trends from north to south. Greater fl uctuations of Chl-a occurred south of 73°N. The dip at 72°N may refl ect reduced ice melting at the Arctic front (Fig.1) . Figure 9 shows the 8-day time series of Chl-a and AOD in the study region and the correlation between these two parameters. The peak AOD always preceded that of Chl-a by an average of about 3 months: 13 weeks in the south and 11 weeks in the north. The longest and shortest time lags both occurred in 2009: 17 weeks at 70°-75°N and 8 weeks at 75°-80°N. Table 1 lists the correlation coeffi cients before and after shifting the time lag (3 months), averaged for the 7 years. A higher positive correlation (up to 0.7) was obtained after the shift to remove the time lag. With increasing AOD, the Chl-a increased as well. The dominant factors controlling the increases in AOD and Chl-a were mentioned above and are discussed in Section 4. Table 2 provides a further analysis of the correlation using EViews statistics regression software. The t -test showed a very strong correlation (Prob was very low). 4.00 0 9 / 3 / 1 2 0 9 / 3 / 2 8 0 9 / 4 / 1 3 0 9 / 4 / 2 9 0 9 / 5 / 1 5 0 9 / 5 / 3 1 0 9 / 6 / 1 6 0 9 / 7 / 2 0 9 / 7 / 1 8 0 9 / 8 / 3 0 9 / 8 / 1 9 0 9 / 9 / 4 0 9 / 9 / 2 0 Time The regression equation is:
Chl-a =-1.6+40.44AOD,
At a signifi cance level of α =0.05, the F-statistic was signifi cant ( F =43.33) and >4.08, the critical value for (1, 37) degrees of freedom. Thus, regression Eq.1 indicated signifi cant relationship between Chl-a and AOD. The regression and F value, R 2 for 75°-80°N is shown in Eq.2. The signifi cances were less than in the southern band.
Chl-a =0.11+10.24AOD,
The time lag analysis using Eviews is shown in Table 3 . At a time lag of 3 months, AOD(-3), the probability of the t -statistic was lowest (0.000 9). R 2 showed a reasonably good fi t (0.658). Hence, the best correlation with Chl-a was achieved by shifting the AOD by 3 months ( P =0.000 9).
The stability of the relationship was also examined. The Mackinnon critical values under the three signifi cance levels of 1%, 5%, and 10% were 3.606, -2.937, and -2.607, respectively. The t -test value of -3.534 was not less than the critical values; hence, the null hypothesis could not be rejected, indicating that AOD had a unit root and was thus a non-stationary sequence.
The fi rst-difference sequence of the unit root test showed that AOD was a stationary sequence because the critical value was less than the critical values of the three signifi cance levels (1%, 5%, 10%). Hence, AOD had a level-1 co-integration. This was also found for Chl-a within 70°-75°N, 10°W-10°E. The residual stability test for Chl-a and AOD showed the co-integration of the two parameters, indicative of a long-term balanced relationship.
Correlations between Chl-a , AOD and ice cover
The monthly mean time series of the ice cover in the study region is shown in Fig.10 . Generally, there was very little ice cover (<7%) in the south (70°-75°N) and none south of 72°N. The ice cover was larger in the western area of the study region. Less than 50% of the ice in the 75°-80°N band and 90% of the ice in the north of 82°N (data not shown). Figure 11 shows the relationship between ice cover and Chl-a between March and September 2003-2009, based on a 5° zonal mean time series. The peak ice cover generally occurred ahead of the Chl-a peak, by about 3 months. As the ice started to melt, Chl-a gradually increased, with the minimum ice cover coinciding with the Chl-a peak. In the northern band, Chl-a levels were unusually high in 2009, which was partly because more intensive ice melted in the spring. By contrast, in the southern band Chl-a levels were relatively low, in part because there was less ice in this region.
The correlation regression equations were as follows:
Chl-a =0.11+4.99ICE,
Chl-a =0.66+10.66ICE,
The F -test was only signifi cant for the southern (70°-75°N) , not the northern (75°-80°N) band. For the latter, the correlation was also not signifi cant. Table 4 shows that the maximum correlation (lowest P -value) between Chl-a and the ice cover occurred when the latter lagged by 3 months ]. This result was consistent with our fi ndings for AOD.
The regression analysis of ICE, Chl-a and AOD is given in Eqs.5 and 6. Again, a high level of signifi cance was determined for the 70°-75°N band whereas for the northern band R 2 was lower. Chl-a =4.175-18.25AOD-3.84ICE,
Chl-a =1.44-7.47AOD-0.11ICE, Figure 12 shows the monthly mean Chl-a , ice cover and AOD for the northern band (75°-80°N) for the 7 years of the study. The peaks of ice and AOD occurred almost at the same time and were highest in spring, while decreasing over the summer. Chl-a increased from spring through the summer and then decreased in autumn (except in 2008). As noted above, Chl-a was much higher in 2009, which can be explained by the sharp decrease in the ice cover in the spring of that year and a much higher level of AOD. These events are discussed in the next section.
The forces driving the high Chl-a levels in 2009
Phytoplankton biomass is an important indicator of the local ecosystem. Moreover, because phytoplankton drives the oceanic biological pump and ultimately infl uences global atmospheric CO 2 levels and thus global climate conditions. Conversely, changes in climate have an effect on CO 2 levels, such that climate forcing alters ocean stratifi cation and circulation, which in turn impact phytoplankton productivity. Through photosynthesis, phytoplankton removes half of the harmful CO 2 produced by the burning of fossil fuels worldwide (NASA study, July 2012: http://www. thejournal.ie/huge-quantities-of-plankton-discoveredunder-arctic-ice-478466-Jun2012/). However, since 1950, phytoplankton biomass has decreased by about 40%
(http://www.scientifi camerican.com/article. cfm?id=phytoplankton-population), most likely refl ecting warming stress because of the accelerating impact of global warming.
Nonetheless, in contrast to this general trend of a decrease in phytoplankton biomass in recent years (Fahnenstiel et al., 2010) , in the northern band (75°-80°N) of our study region phytoplankton biomass increased dramatically, especially in 2009 (Fig.4b) . To explain this phenomenon, we examined the infl uence of hydrological and climate forces.
Phytoplankton biomass is limited by nutrient (N, P, Si, and Fe) concentrations (Chisholm and Morel, 1999; Carol and Timothy, 2004) but also by the amount of light, which is mainly modulated by vertical mixing (Siegel et al., 2002) . In addition, in the ocean ecosystem, phytoplankton biomass is governed by physical forcing, including, winds, SST, ice cover, and PAR. In a previous study we determined a relationship between phytoplankton biomass and AOD, which acts as another controlling factor. Here, by plotting all of the above-mentioned mean forces as determined for the northern region (75°-80°N) for the years 2003-2009, we were able to identify the factors controlling the growth of phytoplankton biomass.
As seen in Figs.11b and 12, there was earlier and much greater ice melting (more than 3-fold higher) in the spring of 2009 than in other seasons or years, which resulted in the release of more ice algae and thus an enrichment of phytoplankton biomass. In fact, the melting ice was the major contributor to the observed increase in primary production.
Another important factor potentially infl uencing phytoplankton biomass is wind speed. Figure 13 shows that in the study regions there was an increasing trend in the yearly average of both Chl-a (12.34%) and wind speed (7.6%), except in 2008, when the In summary, the correlation between wind speed and Chl-a was seasonally variable. Consistent with the fi ndings of Kahru et al. (2010) , in general, the correlation between Chl-a and wind speed was negative in areas of deep mixing, where light controls phytoplankton biomass (in our study region, in spring), and positive in the areas with shallow mixing, where nutrient levels control phytoplankton biomass (in our region, in summer).
As shown in Fig.15a , AOD increased by 0.18% during the 7 years of the study, increasing 0.83% in the last 3 years to reach a peak in 2009. As discussed above, AOD positively correlated with Chl-a (Table 3) , with a time lag in their peaks of about 3 months in which that of AOD occurred fi rst. In addition to ice, algae constitute a source of aerosol particles in the region, enhanced by the strong west spring wind that brings Saharan dust over the study region. The much higher AOD in 2009 (21% increase over the average) (Fig.15a) points to aerosol as another important factor that favored phytoplankton growth in 2009. Unlike in the southern band, where the ice cover was diminished, the ice cover in the northern band increased throughout the study (2.22%) (Fig.15b) . In 2009, the much stronger autumn wind favored an abundant autumn bloom, fertilized by the high levels of AOD. The relatively higher PAR (Fig.15d ) from 2008 would likewise have favored the phytoplankton growth. Figure 15 also shows the increasing trends for AOD and ice cover and the decreasing trends for SST (-9%) and PAR (-20%) in the 7 years of the study. In contrast to other parts of the world, the SST of the study region strongly decreased, which can be explained as follows: phytoplankton excrete DMS, which escapes to the atmosphere where it reacts to form sulfate and MSA, which add to the cloudcondensation nuclei (CCN) in the marine atmosphere. With a greater phytoplankton abundance, more DMS and thus more aerosol particles and CCN are formed. The greater cloud cover would act to lower the temperature, thereby stabilizing climate perturbations by greenhouse gas warming (Gabric et al., 2001 ).
In the southern band (70°-75°N), Chl-a also showed an increasing trend (3.8%) although the slope was less steep than that of the northern band. There is very little ice cover in the south such that the increased phytoplankton biomass was not a function of the amount of ice algae, but rather with the increased PAR (with 17.13% increase rate) in the region. The winds were milder than in the north and had little impact on primary production. With the increase in Chl-a , SST was also generally lower.
CONCLUSION
Our study examined the distributions and coupling relationships of Chl-a and AOD in the Greenland Sea (10°W-10°E, 70°-80°N) between 2003 and 2009. Generally, Chl-a levels peaked in July, while AOD was higher in spring and lower in summer. Both AOD and Chl-a decreased from south to north. The year 2009 was unusual in that both Chl-a and AOD reached very high levels. For all 7 years, there was a strong positive correlation between Chl-a and AOD, with a 3-month lag in which the peak AOD preceded that of Chl-a . However, over the course of the study, the time lag between Chl-a and AOD increased by about 6 weeks, with both peaks shifting a few months forward. This shift was consistent with the co-integration relationship between AOD and Chl-a . Furthermore, a long-term equilibrium relationship between these two parameters was determined. Chl-a and ice cover also showed a lagging inverse correlations, in which melting of the ice cover preceded the increase in Chla by 3 months. As the ice cover reached a minimum in autumn, Chl-a levels achieved their second peak. The unusually high AOD in spring 2003 was mainly due to the fi res in Russia during that same year. The effects on the southern band were much greater. However, at 72°N Chl-a was much lower because of the altered location of the polar front.
The unusually high Chl-a levels in 2009 in the northern band can be explained by the more intense ice melting in spring, the stronger autumn winds and the higher AOD in the region. A contributing factor was residual effects from the high PAR in 2008. In that year, the peaks in ice cover and AOD nearly coincided in the spring whereas Chl-a levels did not peak until August. This was because of the unusually strong wind in spring, which delayed bloom development.
In contrast to the rising SST in many parts of the world, in the study region the SST decreased over the 7-year period, with a much greater decrease in the northern band. This was attributed to the abundant phytoplankton biomass and thus to the high levels of excreted DMS, which escapes to the air where it reacts to form sulfate and MSA, which lower the regional temperature by increasing cloud formation.
Phytoplankton biomass plays an important role in the carbon cycle between the ocean and atmosphere. The release of algae from melting sea ice provides a starter community for phytoplankton growth in the water column, in addition to supplies of organic matter and micro-nutrients such as iron (Thomas and Dieckmann, 2010) . In an earlier study in the Arctic, respired CO 2 was shown to remain trapped in the sea ice until the spring melting, when, enhanced by stratifi cation, high rates of primary production were achieved (Yager et al., 1995) . DMS, a microbial decay product of algal DMSP, is one of the primary vectors transporting sulfur from the ocean to the atmosphere, where it plays an important role in cloud condensation and climate regulation (Charlson et al., 1987; Qu and Gabric, 2010) . Our fi ndings contribute to a better understanding of the ecological environment of the Arctic Greenland Sea and thus to global climate research. The interplay between sea ice, wind speed, AOD, SST, PAR and other factors, such as current, salinity, mixed layer depth, the North Atlantic Oscillation, zooplankton, and DMS in regulating primary production is a complex subject requiring further research.
